We demonstrate a fiber-based tunable femtosecond source covering 1.15-1.35 μm based on self-phase modulation enabled spectral selection, which allows us to optimize the excitation wavelength for harmonic generation imaging in ex vivo human skin. Harmonic generation microscopy (HGM) is one of the most important modalities of nonlinear optical microscopy (NLOM). The attractive features of sub-micron optical resolution, low photodamage, and low photobleaching compared with fluorescence microscopy make HGM an ideal tool for in vivo bio-imaging (e.g., virtual skin biopsy [1]). Ultrafast sources that can cover the second near infra-red (NIR) transmission window between 1.1 μm and 1.35 μm [2] is of particular importance for driving HGM because both the excitation and the emitted second-/thirdharmonic generation (SHG/THG) suffer less water-absorption loss in the biological tissue. This allows a lower illumination intensity to avoid the risk to damage the sample, and meanwhile maintains the same imaging quality during in vivo observation. Conventional implementation of such excitation sources mainly relies on mode-locked Cr:forsterite lasers directly generating pulses at 1.25 μm or a Ti:sapphire laser plus a synchronously pumped optical parametric oscillator. Recently we demonstrated a new fiber-optic approach to generate wavelength tunable nearly transform-limited femtosecond pulses for NLOM [3] [4] [5] . The concept of this method-self-phase modulation enabled spectral selection (SESS)-employs self-phase modulation dominated nonlinearities to broaden a narrow input spectrum in optical fibers followed by filtering the leftmost/rightmost spectral lobes. In a previous demonstration, we implemented an Er-fiber laser based SESS source producing ~100-fs pulses tunable from 1.3 μm to 1.7 μm with up to 10-nJ pulse energy [5] . In this submission, we further improve this technique and extend the wavelength tuning range to cover the second NIR biological transmission window of 1.15-1.35 μm. Such a tunable ultrafast source allows us to optimize the excitation wavelength of HGM in human skin to maximize the imaging depth. figure. (Right column) Measured autocorrelation traces after the objective (red solid curves) and autocorrelation traces calculated from the transform-limited pulses allowed by the filtered spectra (black dashed curves). The full-width at halfmaximum pulse duration is estimated by a deconvolution factor of 1.54 assuming a hyperbolic-secant pulse.
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The fiber-optic SESS source is based on a 31-MHz Er-fiber laser that provides 160-nJ, 290-fs pulses centered at 1.55 μm. By controlling the power coupled into a dispersion-shifted fiber we can tune the peak wavelength of the leftmost spectral lobe of the nonlinearly broadened optical spectrum. Figure 1 (left column) shows the representatively selected spectra filtered by bandpass filters with 50-nm bandwidth. With an average power of 180-320 mW (5.8-10.3 nJ pulse energy), the filtered spectra correspond to ~100-fs pulses (right column of Fig. 1 ). We then use these wavelength tunable pulses to drive a laser scanning microscope to perform HGM imaging in ex vivo human skin. To investigate the effect of excitation wavelength on the imaging depth, the optical power is adjusted such that the peak power at the sample surface is the same. Figure 2 plots the HGM imaging in ex vivo human skin tissue at different penetration depth excited at 1.15 μm, 1.20 μm, 1.25 μm, 1.30 μm, and 1.35 μm. The contrast of THG is mainly due to the tissue inhomogeneity and cell interface; the SHG originates from the collagen and elastin fiber. The signal attenuation excited by different wavelength along the depth is shown in Fig. 3 , showing a strong wavelength dependency. Both the SHG and the THG excited by 1.35 and 1.30 μm drop rapidly due to increased water absorption; the optimum excitation wavelength is 1.2 μm for SHG imaging and 1.15 μm for THG imaging. In conclusion, we employ fiber-optic SESS to implement a ~100-fs source covering most of the second NIR transmission window. The wavelength widely tunable feature allows us to investigate the effect of excitation wavelength on HGM imaging in human skin, which paves the way to make virtual skin biopsy an assistant tool for skin disease diagnosis. 
